Introduction
The Washington lupine (Lupinus polyphyllus Lindl.) is one of the most aggressive invasive plants in Lithuania, capable of forcing out local species from their habitats. What are the cellular characteristics of such an invasive plant? In terms of plant response reactions, some of them might include responses controlled by the hormonal system, stability and functioning of roots, seed spread and ripening features, and the production of specific chemical substances that influence neighbouring plants. Any of these processes might contribute to the survival of an aggressive plant in non-native conditions; nevertheless, one of the essential processes in a cell of an invasive plant must be tolerance of new stress conditions. The secondary invasion to less favourable conditions for invasive plants is also mentioned: P i uptake pattern with the highest affinity at submicromolar range was supposed to be of critical importance for the capacity of Hakea sericea to invade and proliferate throughout vast areas of nutrient-deprived soils [1] ; a shift in life-history strategy during expansion in two most stressful habitats was also described for Acer negundo [2] .
Plant responses to environmental influences are strongly determined by their capability to support cell homeostasis. One of the key molecular players in cell homeostasis is plasmalemma H + -ATPase, which establishes a proton-electrochemical gradient across the plasma membrane, as well as the tonoplast H + -ATPase and H + -PPase, which are involved in such intricate physiological processes as intracellular pH regulation, cell elongation, and adaptation to different temperature stresses [3] [4] [5] [6] [7] [8] . In our earlier work dealing with H + -ATPase activity and proton transport peculiarities in freezing-tolerant and non-tolerant genotypes of meadow fescue (Festuca pratensis Huds.), we showed that stress responses varied in different genotypes according to acclimation and freezing temperatures [9] .
The aims of the present work were to examine the H + -ATPase hydrolytic activities in cell barrier membranes and the stability of the transmembrane electrochemical gradient in invasive Washington lupine seedling and leaf cells and then to compare them with cells of noninvasive yellow lupine. The work was carried out at 25°C and 30°C to assess cellular activities at current environmental temperatures as well as at higher temperatures predicted by climate change theory. Pretreatment of plant material at -8°C was performed to simulate stress conditions.
Experimental Procedures

Plant material
Plant material used in this investigation was: Washington lupine (Lupinus polyphyllus Lindl.), which is an invasive species in Lithuania, and yellow lupine (Lupinus luteus L., cv. Taper). The seeds of both lupine species were stratified, scarified, sterilised with 70% ethanol, germinated, and cultivated in the dark at 25°C or 30°C. After germination and growth for 7 days, hypocotyls and roots of seedlings were separated and used in the experiments. One-month-old naturally grown lupine leaves were also used as test material. Seeds of the invasive (Washington) lupine were gathered from different wild localities in forests and roadsides near Vilnius, Lithuania. The mixture of collected ripe seeds was characterised by different colours and patterns: 44% of seeds were black with white spots, approximately 20% of seeds were white with black spots, and approximately 20% of seeds were black. White and grey seeds were the least abundant (2% and 9%, respectively).
Freezing test
To examine the presumption that stress conditions could cause differences in transmembrane cation transport potential between invasive and non-invasive lupines, a short cold test was applied. Hypocotyls of both lupine species were cut from whole seedlings and kept in wet conditions for the duration of pretreatment, which was conducted at -8°C for different time periods, from 0 (control) to 24 hours. After treatment, ATPase activity, ΔμH + and sodium diffusive potential in isolated microsomal fractions were controlled.
Isolation of cell membranes
Cell membranes were isolated and purified by methods described in [10] [11] [12] [13] [14] [15] . Each 10 g portion of plant material (hypocotyls, roots, or leaves) was homogenised for 2 min in a porcelain potter by adding 4 cm 3 of ice cold medium containing 1050 mM Tris-HCl (pH 7.8), 875 mM sucrose, 35 mM ethylenediaminetetraacetic acid (EDTA), and 14 mM dithiothreitol (DTT). The homogenate was filtered through batiste and cell debris, nuclei, and mitochondria were sedimented by centrifugation (5 min at 7000xg, then 20 min at 15000xg) and then discarded. The microsomal membrane fraction was sedimented by centrifugation at 80000xg for 30 min and then washed with medium composed of Tris-Mes buffer (pH 7.2), sucrose, and DTT, followed by a second centrifugation step (also at 80000xg for 30 min). The pelleted microsomal membrane fraction was resuspended in a small volume of washing medium and used in cold stress experiments or further purified on a step gradient of sucrose solutions (sucrose density from 1.05 to 1.15 g cm -3 ) at pH 7.2 by centrifugation for 60 min at 153000xg. Separate cell membrane fractions were obtained from the interphases of the sucrose density gradient: the 1.14-1.15 g cm -3 (31-35%) fraction was enriched in plasmalemma (PM) vesicles, the 1.08-1.10 g cm -3 (20-25%) fraction was enriched in tonoplast (Ton) vesicles, and the 1.05-1.08 g cm -3 (12-20%) fraction, the lightest, was enriched in endoplasmic reticulum (ER) fragments.
Evaluation of the orientation of membrane vesicles
To evaluate the orientation of membrane vesicles the total ATPase activity in isolated membrane vesicles was assessed by exposing to a channeloformer -alamethicin (50 μg cm -3 ) for 1 h at 25°C [16] .
Characterisation of the obtained membrane fractions
Protocols developed during our earlier studies of other plant material [17] with the addition of an extra inhibitory control were used to characterise the obtained membrane fractions. ) and bafilomycin A 1 (2x10 -9 M) had no significant influence on the activity of this ATPase (inhibition up to 6% and 2%, respectively), whereas chloride ions activated this ATPase by 30%. According to our experimental results, the 1.14-1.15 g cm -3 fraction obtained from the sucrose density gradient was enriched in plasma membrane vesicles containing orthovanadatesensitive ATPase. Judging by the inhibitory effects of DCCD and DES this fraction contained membranebound ATPases and their phosphorylated intermediates. The contamination of this fraction by tonoplast vesicles was negligible (~2% inhibition by bafilomycin A 1 ). This fraction was also very slightly contaminated by ATPases of mitochondrial origin (~6% inhibition by oligomycin). Determination of the orientation of these isolated plasmalemma vesicles by alamethicin use showed that ~80% of them were inverted and ~20% were right-sideout.
The fraction accumulated at the sucrose density gradient interphase 1.08-1.10 g cm -3 (20%-25%) was enriched in tonoplast vesicles. Mg 2+ -ATPase activity from this fraction at pH 7.5 was sensitive to KCl (representing activation) as well as KNO 3 and bafilomycin A 1 (both representing inhibition). According to the levels of enzyme activity after pretreatment by alamethicin, approximately 80% of tonoplast vesicles were inverted and 20% right-side-out, just as for those of PM.
The lightest fraction of membrane fragments, floating at sucrose density interphase 1.05-1.08 g cm (12%-20%), was determined to be enriched in endoplasmic reticulum. ATPase activity accumulated in this fraction was sensitive to orthovanadate but showed little sensitivity to KNO 3 . According to literature issues, such ATPase could serve as a new marker ATPase for ER [17] . The other marker enzyme for ER is cytochrome c reductase. To exclude the possibility that activity of this enzyme came from cell origins other than ER, sodium azide was added to the cytochrome c reductase activitystimulating medium. We found that the cytochrome c reductase activity in the putative ER-enriched fraction was measured as 8.59 μmol mg -1 protein min -1 and was three times higher than that of the plasmalemmaenriched fraction. In the membrane fraction enriched in tonoplast vesicles, cytochrome c reductase activity was not detected. Therefore, the 1.05-1.08 g cm -3 sucrose density gradient fraction, as assessed by the activity of two marker enzymes (cytochrome c reductase and orthovanadate sensitive ATPase), was conclusively characterised as an ER fragment-enriched fraction. The orientations of membrane vesicles of the isolated ER fraction were almost equal: 53% inverted and 47% rightside-out. [18, 19] . NADH-cytochrome c reductase activity was assayed according to [20] with the addition of sodium azide to the reaction mixture.
ATPase hydrolytic activity measurement
Determining the membrane vesicle permeability to monovalent cations
The permeability of membrane vesicle to monovalent cations was determined by a spectrofluorometer (SFR-1, Experimental Factory of the Russian Academy of Sciences, Moscow), using a potential-sensitive positively charged dye, dis-C 3 - (5) 
Protein content determination
Protein content in membrane fractions was determined by use of the Bradford assay [23] . Bovine serum albumin was used as standard.
Statistical analysis
All presented data were from no less than 3 experiments with 3 replicates in each and calculated ± SE. Significant differences were reported at P<0.05.
Results
Growth of lupines at 25°C and 30°C
The growth responses of the yellow lupine and invasive Washington lupine to various growth temperatures (25°C and 30°C) were not identical (Table 1) . At 30°C, seedlings of yellow lupine grew better, exhibited a 35% higher hypocotyl weight, and tended to have bigger roots than those grown at 25°C. Seedlings of invasive lupine, on the contrary, grew worse at 30°C; the weights of both hypocotyls and roots were ~40% lower than those grown at 25°C (Table 1, Figure 1 ). 30-day old green invasive lupine plants also maintained the tendency of slower growth (Figure 1). 
H + -ATPase activity and characteristics of transmembrane ion transport at 25°C and 30°C
Analysis of H + -ATPase activity in different membrane fractions showed that it varied between the tested lupine species. This was most evident in the plasmalemma fraction, where the activity of H + -ATPase from both hypocotyls and root cells of the invasive lupine was more than twice as low as that of the corresponding fractions of yellow lupine (Figure 2 ). The temperature differences of up to 5°C had practically no influence on the activity of H + -ATPase. The activity of ATPase in ER and tonoplast membrane vesicles from lupine hypocotyls did not differ much, but in invasive lupine it tended to be lower compared with that of the yellow lupine (Figure 2 ). Analysis of ER and tonoplast vesicle membrane fractions from the root cells of Washington lupine showed more active ATPase than in root cells of yellow lupine ( Figure 2B ). Ca 2+ -dependent H + -ATPase activity, according to the literature [24] , is related to activation of aquaporines and water canal function. In our experiments the addition of Ca 2+ to H + -ATPase-stimulation medium generated activity in a very similar manner to H + -ATPase activity ( Figure 3) . H + -ATPase activities of both types of seedlings were equal at 25°C and 30°C, suggesting that a difference of five degrees caused no added stress to the seedlings. This assumption is based on the data for the electrochemical transmembrane potential gradient, which was practically the same at different tested temperatures, with the exception of that of root tonoplast vesicles (Figure 4) . Analysis of leaves from one-month old naturally grown plants showed that hydrolytic activity of ER and PM H + -ATPases in the cells of Washington lupine was lower than in the cells from yellow lupine leaves ( Figure 5 ). Such features were also characteristic of the cells from Washington lupine seedling hypocotyls. However, H + -ATPase, and especially Ca 2+ -H + -ATPase, hydrolytic activity of the tonoplast vesicle fraction from invasive lupine leaves was higher than that of yellow lupine ( Figure 5 ).
Active transport of protons (ΔμH + ) was higher in Washington lupine plasmalemma, and showed the same tendency in ER and tonoplast ( Figure 6A ). Great differences appeared in the processes of passive transport of cations: leaf cell tonoplast Na + -diffusive potential of invasive lupine was ~4 times higher than that of yellow lupine ( Figure 6B ). The whole data, such as high Ca 2+ -H + -ATPase hydrolytic activity, higher ΔμH + , and very high tonoplast Na + -diffusive potential, lead us to suppose possible higher stability of leaf cell membranes in invasive lupine for stress conditions.
H + -ATPase activity and transmembrane ion transport under cold stress conditions
To examine the possibility that stress conditions could cause differences in transmembrane cation transport potential between invasive and non-invasive lupines, a short freezing test was applied. We observed difference in ATPase activity in invasive lupine membranes and yellow lupine membranes when the ATPase-stimulating media was at pH 5.5 ( Figure 7A, B) . According to our experiments, in such conditions plasmalemma H + -ATPase is activated. In noninvasive yellow lupine, ATPase activity for all time points of cold treatment (15 min to 24 h) was lower than for the control. Such differences were not characteristic of invasive lupine cells. The influence of cold treatment was quite rapid -15 min treatment of cells of both lupine species caused a lowered ATPase activity. At pH 7.2 ( Figure 7C, D) , various time points showed no considerable differences from control in cells of both lupine species.
The effects of 15 min cold pretreatment were reflected in the transmembrane electrochemical gradient ΔμH + of hypocotyls cells of both lupine species ( Figure 8A, B) . Longer cold treatment periods did not lead to further lowering of ΔμH + in lupine hypocotyls. A clear difference in the sodium diffusive potential between the investigated lupine species was demonstrated ( Figure 8C, D) . These data showed a gradual lowering of sodium diffusive potential in cells of both species, but membranes of the invasive lupine exhibited approximately twice the sodium diffusive potential as those of yellow lupine. Sodium diffusive potential reflects passive ion transport across membranes; therefore our study suggests that damage to membranes of invasive lupine by cold treatment was slighter than to membranes of yellow lupine.
Discussion
Washington lupine is a perennial wild plant originating in North America and found from Alaska to California [25] . In Europe, it has been planted as a fodder crop and as an ornamental plant and is now widely naturalised. In Lithuania it is one of the seven most aggressive invasive plant species. Nevertheless, the tendency towards warming of the Lithuanian climate, as in the rest of the world, is not very beneficial for this plant. Our data showed that at a temperature of 30°C invasive lupine seedling growth is not optimal as compared with seedling growth at 25°C as well as growth of yellow lupine at 30°C (Table 1, Figure 1 ). Maybe this is a reflection of ecological differences between the tested lupine species. Yellow lupine is native to the Mediterranean region of Southern Europe, while Washington lupine is native to highland regions of North America. In Lithuania the invasive Washington lupine grows mainly in nutrient-deprived soils where it can force out local species, but slower growth and development, which were characteristic for invasive lupine as compared with yellow lupine, were apparently not the factors influencing invasiveness of Washington lupine. However, five degree temperature differences do not seem to be stressful enough to limit invasive lupine growth. Invasive plants are generally characterised by a high degree of adaptability and by reproductive and dispersive properties that promote growth in many different places [26] . This phenomenon is described and explained by two main strategies of invasiveness -phenotypic plasticity and genetic differentiation [27] . The seed diversity of Washington lupine could be one of the manifestations of phenotypic plasticity of an invasive plant. In a ten-year study on seed polymorphisms of the Washington lupine in Finland, Aniszewski and colleagues [25] observed that not all seeds of the Washington lupine are identical, and they concluded that, over a ten-year period, patterned seeds became dominant, while dark and light seeds tended to disappear. The mixture of seeds gathered near Vilnius (Lithuania) was characterised by a high level of diversity.
Plasmalemma H + -ATPases are primary active transporters of cations which form ion gradients and transmembrane potentials and, in a direct or indirect manner, influence secondary ion and metabolite transport systems, control cell homeostasis, and maintain cell volume [28] . Our data showed that temperature differences of up to 5°C had practically no influence on the activity of H + -ATPases (Figure 2,  Figure 3 ). Differences in ATPase hydrolytic activity were significant only between the tested lupine species and were more obvious in plasmalemma-enriched fractions.
Plant membrane H + -ATPases are often evaluated as factors taking part in plant responses to stress conditions [7, 29] , and the cross-adaptation to different temperature stresses among them [3, 4] . A burst of free salicylic acid-induced thermotolerance at a temperature of 38±0.5ºC appeared subsequent to a change in both the activity and amount of PM H + -ATPase in pea leaves [5] . We assessed lupine cell H + -ATPase responses to different temperatures, which were close to optimal for plant growth in middle latitudes and Earth climate conditions. Maybe for this reason, -ATPase hydrolytic activity control and calculations of the differences of transmembrane electrochemical potential based on conditions which provoke the possible maximal level of both reactions (reactions were not limited by substrate deficiency, reaction cofactors availability, or reaction products), we speculate that the mentioned properties of invasive plants allow them to survive in a broader range of living conditions. We suggest that the ability to maintain the level and stability of transmembrane electrochemical potential on the basis of lower and changing, as compared with yellow lupine, H + -ATPase activities could be reflective of the invasive lupine cells' powers to maintain homeostasis. Among many features leading to these abilities, the cell's property to vary the ATP:H+ ratio could be significant. Such changes in the ratio of H + -ATPase hydrolytic to transport functions are possible. Berman [30] has proposed that P-type ATPases might undergo partial uncoupling or have a variable ATP:H + ratio, and it has been postulated [21, 30, 31] that the change in the ratio of hydrolysed ATP to transported protons could be the basis of transmembrane ion transport regulation.
Special experiments with cold treatment (-8°C, 0-24 h) showed that the membranes of invasive lupine hypocotyls could be characterised as more stable than those of non-invasive lupine under stress conditions: the experimental data revealed twice the sodium diffusive potential for invasive lupine as for non-invasive lupine, in spite of its gradual lowering. The tolerance of stress conditions may be among the main features leading to the invasiveness of Washington lupine and could make this plant even more invasive.
